I. INTRODUCTION
Development of highly sensitive biosensors for the diagnosis and monitoring of diseases, drug discovery, proteomics, and environmental detection of biological agents is an extremely significant problem.
1 In addition to the needs for enhanced sensitivity, the development of large-scale biosensor arrays composed of highly miniaturized signal transducer elements that can enable the real-time, parallel monitoring of multiple species imposes stringent requirements for highthroughput screening applications. 2 Much biosensor research has been devoted to the evaluation of various signal transduction methods including optical, piezoelectric, magnetic, micromechanical, amperometric, and mass spectrometric. Although each of these methods has its individual strengths and weaknesses, a strong case has been made that optical sensors, in particular those based on evanescent electromagnetic fields such as propagating surface plasmon polaritons ͑SPPs͒ in planar Au and Ag surfaces, are fast becoming a preferred method in many sensing applications. 3 SPPs are essentially electromagnetic waves that are trapped on the interface of two media with permittivity of different sign, typically between a metal and a dielectric, due to their interaction with the free electrons of the metal. 4 In addition, SPPs can also appear in appropriately designed metallic and metallodielectric structures as localized surface plasmon resonance ͑LSPR͒ that is excited when the incident photon frequency is resonant with the collective oscillation of the conduction electrons. As a consequence, noble metal nanoparticles ͑NPs͒ exhibit a UV-visible absorption band not present in the bulk metal, 5, 6 resonant Rayleigh scattering with an efficiency equivalent to that of 10 6 fluorophors, 7 and enhanced local electromagnetic fields near the surface of the nanoparticle. 8 Plasmon resonances impart these nanostructures with unusual optical properties, such as strongly enhanced size-, shape-, and medium-dependent light absorption and have been employed in a wide range of applications including imaging, chemical, and biological sensing and probing with remarkable sensitivity. Thus, several research groups have explored optical biosensors 9 based on the optical properties of noble metal NPs.
Although quite sensitive for many applications, most current biosensing schemes based on surface plasmon resonance and LSPR are "passive," i.e., they are based on changes in the optical properties of the gold-surface when a biological specimen to be detected is bound to it and surface plasmons are excited. Thus, to further enhance the sensitivity for more stringent applications, we have explored core-shell "magneto-optically active" plasmonic NPs. Here, the magneto-optical property can be varied under application of a modest external magnetic field hence enhancing the NPs inherent sensitivity by using field-modulated detection schemes that exploit their magneto-optical activity. Transition metals such as Fe, Ni, and Co alone exhibit magnetooptical effects accessible at relatively low fields, but their absorption coefficients are higher than those of Au or Ag and therefore their SPPs are considerably damped, but when combined with these noble metals their magneto-optical activity is enhanced due to the large electromagnetic fields that arise in the composite nanostructure when sharp SPP is excited in the noble metal. [10] [11] [12] In fact, recent reports have indicated that the combination of noble metal ͑Au͒ and magnetic materials ͑ferrite͒ in core-shell magnetic NPs exhibit remarkable magneto-optical effects, 13 suggesting the possibility of implementing magnetoplasmonic materials to enhance sensitivity in biodetection. In the present case, we re-port on enhancement of the magneto-optical activity observed in core-shell Fe-Ag magnetic NPs due to excitation of LSPR. The spectral absorbance and the magneto-optical Faraday rotation of the polarization of light through a magnetized medium composed of the core-shell Fe-Ag NPs suspended in a suitable liquid between glass slides was observed in transmission geometry.
II. EXPERIMENTAL
Core shell Fe-Ag magnetic NPs were synthesized by aqueous reduction using sodium borohydride. The synthesis first included reduction of iron nanoparticles and was followed by the addition of silver nitrate. The iron served as a nucleation site for the reduction of silver, creating a coreshell nanoparticle. The particles were washed with ethanol several times and magnetically separated using a rare-earth magnet. X-ray powder diffraction revealed a mix phase system with a body centered cubic iron and face centered cubic silver.
14 Transmission electron micrographs ͑TEMs͒ were taken on a JEOL JEM-1230 at 150 kV with a Gatan Ultra Scan 4000 SP 4Kx4K charge coupled device camera to determine the size, dispersion, and morphology of the coated particles. The magnetization reversal was investigated by measuring hysteresis loops at room temperature ͑RT͒ on a Lakeshore model 7300 vibrating sample magnetometer. The sample was placed in a gelcap where the background was negligible compared to the sample signal.
For the optical and magneto-optical studies, the magnetic nanoparticles were suspended between two glass slides using index-matching oil with n = 1.5018. Absorption and Faraday rotation measurements were carried out in the spectral range 1.4-3.5 eV. The light incident beam was linearly polarized by a Glan Thompson polarizer ͑extinction ratio 100 000:1͒ and then transmitted through the sample. The sample was placed in the gap of an electromagnet with hollow polar pieces, allowing applied magnetic fields upto 1 T, that were high enough to magnetically saturate the NPs. The transmitted light was analyzed by a polarizer positioned at 45°with respect to the incident polarization. The intensity variations were detected using a Si photodetector and lock-in amplifier techniques.
III. RESULTS AND DISCUSSION
TEM was performed to determine the size distribution and morphology of the iron core Fe-Ag NPs. Figure 1͑a͒ shows a TEM image corresponding to core-shell NPs with a Fe-Ag concentration ratio of 75:25. Figure 1͑b͒ shows a high resolution TEM image of the Fe-Ag NPs illustrating their core-shell structure with body centered cubic iron core and face centered cubic silver shell with an average total particle size of 15 nm ͑core diameter 13.6 nm and shell thickness of 1.4 nm͒. It is worth noticing that the nanoparticle size was found to be independent of the Fe-Ag ratio. The NPs investigated for magnetoplasmonic effects have a Fe-Ag concentration ratio of 25:75 ͑core diameter 9.4 nm and shell thickness of 5.6 nm͒ since preliminary simulations showed that maximum Faraday rotation is expected around this concentration ratio.
The magnetic properties were studied by measuring hysteresis loops at RT. As shown in Fig. 2 , the NPs show characteristic superparamagnetic behavior with very low coercivity and high saturation fields around 5 kOe due to the fact that their volume is well below the critical volume and corresponding superparamagnetic field, which for Fe NPs corresponds to diameters around 26 nm. 15 The absorbance and Faraday rotation of the Fe-Ag coreshell NPs with optimum Fe-Ag concentration ratio of 25:75 suspended in index-matching oil with n = 1.5018 were measured in the spectral range from 1.4-3.5 eV. As shown in Fig.  3͑a͒ , the absorbance exhibits an absorption band centered at 3 eV, signature of LSPR excitation as shown in previous reports. 13 Associated with such absorption band there is a maximum in the Faraday rotation ͓Fig. 3͑a͒ right͔. Simulations of the effective dielectric tensors of the dispersed NPs films were performed using a variation in the MaxwellGarnett effective medium approximation presented by Abe 16, 17 for composite core-shell systems in order to understand the observed behavior. For this study the bulk Fe and Ag optical and magneto-optical constants were used 18 since the size of the NPs is well above that at which optical size effects have been described in NPs. 19 Subsequently, the absorbance and Faraday rotation were calculated using a matrix transfer formalism, 20, 21 able to describe the behavior of light in multilayered systems. Figure 3͑b͒ shows simulations using the cited formalism and considering a 25% concentration of NPs in the medium ͑continuous lines͒. As it can be observed, very good agreement is obtained between the simulation and the experimental data, confirming an absorption band centered at 3 eV and an associated maximum in the Faraday rotation. For comparison, the response of Fe NPs with no coating and simulated under the same conditions is also shown in Fig. 3͑b͒ with dashed lines. Due to the relatively high optical absorption of Fe in the UV and visible range, over-damped or no LSPR excitation is expected. It is worth noting that the experimental measurement of such Fe NPs with no coating cannot be achieved due to the high tendency of Fe to oxide, but their simulated response allows us to understand the effect of LSPR excitation on the optical and magneto-optical properties of core-shell Fe-Ag NPs. In fact, a broader and less intense absorption band is observed as in Fig. 3͑b͒ , indicating over-damped or no LSPR excitation. More interestingly, in spite of the fact that in this case the concentration Fe in the NPs is four times higher than in the 25:75 Fe-Ag NPs, a much smaller Faraday rotation is observed, thus evidencing a strong enhancement of the magneto-optical response for the Fe-Ag core-shell NPs when the Ag content is higher.
IV. CONCLUSIONS
We have investigated the microstructure, magnetism, optical, and magneto-optical properties of Fe-Ag core-shell NPs. The NPs exhibit a mix phase system with a body centered cubic iron core and face centered cubic silver shell with average diameters around 15 nm. Superparamagnetic behavior was observed due to their reduced dimensionality. For Fe-Ag NPs with concentration ratio around 25:75 an optical absorption band centered at 3 eV is observed due to LSPR excitation. Associated with such increased absorbance a strong enhancement of the Faraday rotation it is also observed, greatly exceeding the estimated value for pure Fe NPs.
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